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Abstract 
The mode I type fracture toughness tests using DCB (Double Cantilever Beam) specimens were applied for a newly developed Gd-
YBCO coated conductor with modified buffer layers in order to quantitatively characterize the delamination resistance. The fracture 
toughness values were about 5 to 10 J/m2. EDS, XPS and AES analyses of the delaminated surface showed that the fracture location 
of the layered structure was categorized as the following two parts; Gd-YBCO layer and GZO/Hastelloy interface. Since the 
delamination locations were localized within rather brittle components, the delamination toughness of this Gd-YBCO coated 
conductor was rather low. 
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1. Introduction 
REBa2Cu3O7-G(REBCO, RE: rare earth elements) coated conductors are expected to be applied as superconducting 
coils in superconducting magnetic energy storage (SMES), and show potential to realize downsizing [1]. On the other 
hand, poor transverse strength of REBCO-coated conductors is one of the design limiting factors for the production of 
SMES coils. Transverse tensile stress acts as a result of differential thermal contraction in coil structures. van der Laan 
et al. first evaluated transverse tensile strength of YBCO-coated conductors as low as 10 to 20 MPa [2]. Takematsu et 
al. reported delamination in epoxy-impregnated YBCO coils during the cooling process [3]. 
The reduction in the thickness of the buffer layer which is fabricated by ion beam assisted deposition (IBAD) is a 
key issue to increase the process rate of coated conductors. The application of a rather thin highly textured IBAD-MgO 
buffer layer of the thickness of 10 nm is expected as a very time efficient process [4]. However, the delamination 
between the buffer layer and substrate was also reported for buffer layers with IBAD-MgO [5]. Then, the quantitative 
evaluation of the delamination resistance of these newly developed coated conductors is essential by using fracture 
mechanics. 
Recently, Suzuki and Tomita have tried to evaluate interlaminar fracture toughness of coated conductors using the 
modified edge lift test [6]. Sakai et al. have carried out four point bending tests to evaluate the fracture toughness [7]. 
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However, the initial and propagation values of the fracture toughness were difficult to characterize and the fracture 
mode (tensile, shear etc.) is difficult to control. Then, it is important to apply more typical fracture mechanical test 
methods to evaluate fracture toughness for these coated conductors.  
In our previous study, we first developed a mode I type fracture toughness test method, and evaluated the fracture 
toughness of YBCO coated conductors with additional Cu layer and rather thick IBAD-GZO buffer layer of 1 Pm [8]. 
In the present study, mode I type fracture toughness tests were carried out for Gd-YBCO coated conductors with a 
IBAD-MgO buffer layer, and the location of delamination was determined using composition analysis. Here, the 
critical current of the present Gd-YBCO coated conductors (about 280 A) [9] was much higher than that of the 
previous YBCO coated conductors (about 110 to 120 A) [8]. 
2. Experimental procedure 
2.1. Materials and specimens  
The Cu-plated Gd-YBCO coated conductor used in the present study consists of a Hastelloy C-276 substrate (100 
Pm), sputter-Gd2Zr2O7 (30 nm), IBAD-MgO (10 nm), sputter-LaMnO3 (30 nm), PLD-CeO2 (400 nm), MOCVD-Gd-
YBCO (900 nm), sputter-Ag (20 Pm), and plated Cu (40 Pm) on the top (Ag), bottom (Hastelloy) and side surfaces of 
the tape, where the values in parentheses indicate the nominal thickness of each component. The total thickness and 
width of the Cu-plated Gd-YBCO coated conductor were about 210 Pm and 10.5 mm, respectively.  
The ductile Cu layers plated on the side surfaces of the tape may enhance the evaluated delamination fracture 
toughness. Moreover, the delamination crack tip is difficult to observe when these Cu layers exist. We first removed 
these Cu layers on both side surfaces. When we cut off this coated conductor sample from a reel with scissors, the 
edge of the conductor slightly delaminated. Then, we introduced a pre-crack by inserting a cutter blade into this 
delaminated part of the conductor.  
Double cantilever beam (DCB) specimens (width B = 10 mm, thickness 2h = 1.8 mm, length L= 70 mm) were used 
for the tests. Fig. 1 shows the DCB specimen and aluminum blocks for load introduction. Additional Hastelloy beams 
(nominal thickness = 0.8 mm) were bonded onto both (Cu on Ag layer and Cu on Hastelloy substrate) surfaces using 
epoxy adhesive to increase the stiffness of the specimens. The length of the initial crack was about 10 to 25 mm. The 
side surfaces of the specimens (conductors) were polished and sprayed with white paint to make the crack-length 
measurement easier. 
2.2. Fracture toughness tests 
The mode I type fracture toughness tests were carried out using a computer-controlled servo hydraulic testing 
machine (Shimadzu, MMT-100N). The test speed was 5x10-6 m/sec. Crack length was measured using a travelling 
microscope at a magnification of 50 times. All tests were carried out at room temperature. After the tests, composition 
analyses of the fracture surfaces of the upper (Ag) and lower (Hastelloy substrate) sides were carried out to determine 
the fracture position using an energy dispersive X-ray spectroscope (EDS, JEOL JED-2200F), a X-ray photoelectron 
spectroscope (XPS, Shimadzu, AIXS1655) and an Auger electron spectroscope (AES, JEOL JAMP-7810). 
The energy release rate under mode I type loading was calculated by the modified compliance calibration method. 
The exact equations used in this study are presented in Ref. [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic of DCB specimen and composition of coated  Fig. 2. Relation between fracture toughness 
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Fig. 3. SEM of pair of fracture surfaces for Ag and Hastelloy substrate sides 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Magnified SEM of Ag side of fracture surface indicated by red square in Fig. 3. 
3. Results and discussion 
3.1. Fracture toughness values 
Thick lines in Fig. 2 shows the relationship between the fracture toughness and the crack length for the Gd-YBCO 
coated conductor with the modified buffer layers including IBAD-MgO. These R-curves give the initial values of the 
fracture toughness, GIc, as 5 to 6 J/m2, and the propagation values, GIR, as 5 to 10 J/m2. For comparison, the results of 
YBCO coated conductor with the previous buffer layers including IBAD-GZO were shown with a thin solid line in 
this figure when the crack path was within YBCO layer and the fracture toughness values were lowest [8]. The 
propagation values, GIR, of Gd-YBCO with the modified layers was lower than that of YBCO with the previous buffer 
layers, although the initial values, GIc, were almost identical for both conductors.  
3.2. Composition analysis of fracture surfaces 
Fig. 3 shows scanning electron micrographs of a pair of fracture surfaces for the upper (Ag) side and lower 
(Hastelloy substrate) side. Those fracture surfaces are rather uneven, and blight parts and dark parts correspond to 
convex and concave parts, respectively. The convex part in the Ag side, Ag(A), and the concave part in the Hastelloy 
substrate side, Has(A), can be one pair of the fracture surfaces, and the concave part in the Ag side, Ag(B), and the 
convex part in the Hastelloy substrate side, Has(B) can be another pair of the fracture surfaces. Then, these general 
features of the fracture surfaces indicate that the location of the crack path can be mainly categorized as two positions 
in the layers. The areal ratio of A part was larger than that of B part. Fig. 4 shows magnified fracture surface of the Ag 
side around the step between Ag(A) and Ag(B) parts. We can observe three small steps of the fracture surfaces, Ag(C) 
to (E) between Ag(A) and Ag(B) parts.  
Table 1 summarizes the detected components on the fracture surfaces for A and B parts from the composition 
analysis. We first would like to discuss the results of the EDS analysis where the depth of the measurement is about 1 
Pm. For the Has(A) part, only Hastelloy components were detected. For Ag(A) part, both GZO and CeO2 components 
were detected. Taking into the sequence of the layers, the outermost surface of Ag(A) part is GZO. However, there 
might exist a possible thin GZO layers on the Hastelloy substrate because the thickness of GZO is only 30 nm. Thus, 
the fracture location of A part can be at the GZO/Hastelloy interface or inside the GZO layer. 
For the Has(B) part, both Gd-YBCO and CeO2 components were detected. For the Ag(B) part, both Gd-YBCO and Ag 
components were detected. Taking into account the sequence of the layers, the outermost surfaces of both Has(B) and 
Ag(B) parts are determined as Gd-YBCO, and the fracture location of B part is inside the Gd-YBCO layer. 
The results of the AES analysis were also shown in Table 1 where the depth of the measurement is several atoms 
Has(B)
Hastelloy side
Has(A)
300 Pm
Ag(A) Ag(B)
Ag side 300 Pm
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Table 1. Detected composition on fracture surfaces for A and B part on Ag and Hastelloy sides 
 
 
 
 
 
 
 
scale. For B part, the fracture inside Gd-YBCO layer is confirmed. For A part, GZO was detected only for Ag(A) part, 
and Hastelloy substrate was detected only for Has(A) part. In addition to these components, Cr and Ni were detected 
for Ag(A) part and O was detected for Has(A) part. These results suggest the existence of Cr and Ni oxide at the 
GZO/Hastelloy substrate interface, and this is the exact location of the delamination for A part. 
We have also carried out XPS measurements. There were no conflicting results to the detected elements from the 
EDS and AES analyses when we take into account small steps between A and B part indicated in Fig. 4. 
The delamination locations were localized within rather brittle two parts for the Gd-YBCO coated conductor with 
the modified buffer layers (IBAD-MgO); Gd-YBCO layer and GZO/Hastelloy interface. The delamination of these 
two parts was bridged by cracks penetrating CeO2, LMO, MgO and GZO buffer layers. On the other hand, the fracture 
location occasionally moved into ductile Ag layers for our former results of the YBCO coated conductor with the 
former buffer layers (IBAD-GZO). This is the reason why the delamination toughness of the present Gd-YBCO 
coated conductor was rather low. 
4. Conclusions 
Mode I type interlaminar fracture toughness tests were carried out in the Gd-YBCO coated conductor with the 
modified buffer layers including IBAD-MgO. While the critical current was improved, the delamination toughness 
was lower than the former YBCO coated conductor with the buffer layers including IBAD-GZO. Delamination of 
both Gd-YBCO layer and buffer/substrate interface was observed. 
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